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optical photons
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Quantum states encoded in microwave photons or qubits can be effectively manipulated, whereas
optical photons can be coherently transferred via optical fibre and waveguide. The reversible conver-
sion of quantum states between microwave and optical photons will hence enable the distribution of
quantum information over long distance and significantly improve the scalability of hybrid quantum
systems. Owning to technological advances, mechanical resonators couple to quantum devices in
distinctly different spectral range with tunable coupling, and can serve as a powerful interface to
connect those devices. In this review, we summarize recent theory and experimental progress in the
coherent conversion between microwave and optical fields via optoelectromechanical transducers.
The challenges and perspectives in achieving single-photon-level quantum state conversion will also
be discussed.
PACS numbers:
I. OVERVIEW
Numerous quantum systems in the microwave domain,
such as superconducting qubits and resonators, electron
spins of nitrogen-vacancy center in diamond, and hy-
perfine states in ion trap qubits, have been studied for
quantum information processing [1–3]. The controlla-
bility of such systems enables the generation and ma-
nipulation of nonclassical states [4, 5]. Meanwhile, op-
tical photons can be easily distributed between distant
nodes in a quantum network via optical fibre and waveg-
uide [6–8]. To facilitate the transfer of quantum infor-
mation and to improve the scalability of the quantum
processors, it would be desirable to build quantum in-
terfaces that convert quantum states between microwave
and optical photons. In such hybrid systems [9], the
microwave photons and qubits form local information-
processing units, while the optical photons play the role
of a quantum data bus to transfer the information. In
previous works [10–12], frequency conversion was demon-
strated in the telecommunications wavelength, but its
realization in the microwave-to-optical domain has only
achieved very low efficiency [13].
Mechanical resonators are macroscopic devices featur-
ing collective lattice motion [14–17]. Due to the ubiq-
uitous nature of the mechanical motion, such resonators
couple with many kinds of quantum devices, from solid-
state electronic circuits to atomic systems [18–28]. In
recent years, mechanical resonators ranging from acous-
tic frequency to radio frequency have been studied in
their quantum limit. The mechanical modes can be pre-
pared in their quantum ground state by various meth-
ods, such as thermalization in a cryogenic environment
and cavity-assisted backaction cooling [29–35]. In cav-
ity optomechanical and electromechanical systems, the
resolved-sideband regime can now be reached with the
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mechanical frequency far surpassing the cavity band-
width [36–40]. Mechanically-induced transparency due
to the destructive interference of the probe pulse with the
anti-Stokes field generated by the pump pulse [41–44] and
normal-mode splitting in the strong coupling limit [45–
49] were observed. More recently, the coherent trans-
fer of itinerant optical and microwave photon states to
mechanical modes was demonstrated in state-of-art ex-
periments [50, 51]. This experimental progress indicates
that the mechanical resonators can be utilized as an ideal
interface to bridge quantum systems in distinctively dif-
ferent frequency ranges [52–57].
Optoelectromechanical quantum transducers contain
one mechanical resonator coupling in part to a microwave
device and in part to an optical device. We can view
such a transducer as an optomechanical system and an
electromechanical system with their mechanical compo-
nents merging into one. It was demonstrated that feed-
back cooling of the mechanical mode can be achieved in a
cavity optoelectromechanical system by combining elec-
trical actuation and optomechanical transduction [58].
In a commonly studied model, the mechanical resonator
couples to a microwave cavity and an optical cavity via
radiation-pressure interaction, with both cavities driven
on their corresponding red sidebands. The effective cou-
pling between each cavity and the mechanical mode is a
beam-splitter-like interaction that can swap the states of
these two modes. It was proposed that high-fidelity quan-
tum state conversion between microwave and optical pho-
tons, either for intra-cavity states or for propagating pho-
tons, can be realized in an optoelectromechanical trans-
ducer via the excitation of the mechanical dark mode [59–
64]. During the conversion, the effect of the mechanical
noise could be significantly suppressed. In particular,
the conversation efficiency for propagating photons in an
ideal system reaches unity when the impedance match-
ing condition is fulfilled. The first experimental obser-
vation of the mechanical dark mode was reported for
two optical modes in a silica resonator [65]. An alter-
native microwave-to-optical transducer was proposed in
2an electro-optic system, where the interaction between
the electrical and the optical modes resembles the op-
tomechanical coupling [66, 67]. At the moment, electro-
optic modulators operate far from the regime for quan-
tum state conversion [13], but improved performance on
such devices could possibly be achieved to implement
state conversion without mechanical resonators.
Enormous progress has been achieved in converting mi-
crowave and optical photons via an optoelectromechan-
ical transducer in several experimental setups. In one
experiment, the transducer is constructed with a piezo-
electric optomechanical crystal [68]. A microwave signal
in resonance with the mechanical mode is coherently con-
verted to propagating photons in optical frequency. In
another experiment, a radio-frequency field in resonance
with an LC oscillator was converted to an optical signal
reflected from the surface of a nanomembrane [69]. Both
experiments were conducted at room temperature. Re-
cently, bi-directional state conversion between microwave
and optical photons was demonstrated with a microwave
resonator and a Fabry Pe´rot cavity coupling to a mem-
brane [70]. In this experiment, the amplitude informa-
tion and the phase information of the photon states are
preserved in the cavity output.
The study of quantum state conversion via optoelec-
tromechanical transducers is in its infancy. The demon-
stration of the coherent conversion between microwave
and optical fields indicates that it is promising to con-
vert photons in the quantum limit in the near future.
To reach high conversion efficiency at the single-photon
level, however, various technical challenges have to be
overcome. One dominant factor that restricts the con-
version efficiency is the thermal noise of the mechanical
mode. Even when the impedance matching condition
is satisfied [53–55, 65], the mechanical noise still exerts
stringent requirement on the cooperativity and the op-
erating temperature of the transducer. Another experi-
mental hurdle is the intrinsic dissipation of a non-ideal
cavity, which could seriously reduce the signal-to-noise
ratio of the output states. It will require carefully de-
signed experimental systems, accurate control over the
external drivings, and quantum-limited measurement ap-
paratus to reach high conversion efficiency [71].
The optoelectromechanical interface can also be uti-
lized for other quantum applications. By driving one
cavity on the first blue sideband, effective coupling in
the form of a parametric down-conversion operation is
obtained, which is a key element in producing continuous-
variable entanglement, mode amplification, and squeez-
ing [72–78]. When combined with the beam-splitter op-
eration, this coupling induces strong entanglement be-
tween microwave and optical photons or photon-phonon
pairs [79–83], which can be used to implement quantum
teleportation protocols [84, 85]. These applications make
this quantum interface a preferable component in hybrid
quantum networks.
In this review, we will summarize the theory and ex-
perimental achievements in the study of converting mi-
crowave and optical photons via optoelectromechanical
transducers. In Sec. II, we describe the basic quantum
operations and the general framework for studying elec-
tromechanical and optomechanical interfaces. The quan-
tum state conversion approaches for intra-cavity pho-
tons and itinerant photons are presented in Sec. III. The
conditions for achieving high conversion efficiency are
also discussed in this section. Other quantum applica-
tions of optoelectromechanical interfaces, such as entan-
glement generation, are presented in Sec. IV. We sum-
marize recent experimental progress in Sec. V, focusing
on the state conversion between microwave and optical
fields. Finally, the challenges and perspectives in achiev-
ing single-photon level quantum state conversion are dis-
cussed in Sec. VI.
II. LIGHT-MATTER INTERFACE
A. System
We start with a typical electromechanical or optome-
chanical system containing a cavity mode coupling to a
mechanical mode via radiation-pressure interaction. The
coupling has the formHint = ~Gaˆ
†aˆ(bˆm+ bˆ
†
m) [86], where
aˆ (bˆm) is the annihilation operator of the cavity (mechan-
ical) mode, and G is the single-photon coupling strength.
This interaction can be viewed as a shift of the cav-
ity frequency ωc by the mechanical vibration. In the
resolved-sideband regime where the frequency of the me-
chanical mode ωm exceeds the cavity bandwidth κ, the
cavity spectrum is affected by this interaction to include
sidebands at frequencies ωc ± nωm with n being an in-
teger number. We can also regard this interaction as a
force on the mechanical mode that depends on the cav-
ity photon number. By applying a strong driving on the
cavity mode, this interaction is linearized into tunable
couplings that can be used to manipulate or probe the
mechanical motion.
B. Linearized quantum operations
The strength of the single-photon coupling G is usu-
ally very weak [17]. For example, the microwave device in
Ref. [31] has a mechanical frequency of ωm/2π = 10MHz
and a cavity bandwidth of κ/2π = 170 kHz, whereas
G/2π = 400Hz. The light-matter interaction can be en-
hanced by driving the cavity mode strongly. The driving
excites large number of photons in the cavity with photon
number nph ∼ 106−8. The radiation-pressure interaction
is then transformed into effective linear or bilinear cou-
plings with coupling strength g = G
√
nph, which is in-
creased by several orders of magnitude. In recent experi-
ments, the strong coupling limit with g ≫ κ was realized
in both microwave and optical cavities. Below we assume
g to be a real number for simplicity of discussion.
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FIG. 1: Linearized operations. Left panel: anti-Stokes pro-
cess described by the linear coupling in Eq. (1); right panel:
Stokes process described by the bilinear coupling in Eq. (3).
The scattered photons are labelled by ωAS and ωS .
The effective couplings strongly depend on the detun-
ing of the driving field ∆ = ωd − ωc with ωd being the
driving frequency. For ∆ = −ωm with the cavity driven
on the first red sideband of the mechanical mode, the
effective coupling is dominated by a beam-splitter-like
interaction. In the interaction picture, the Hamiltonian
is [87]
HI = ~g(aˆ
†bˆm + bˆ
†
maˆ), (1)
which describes an anti-Stokes process. An incoming
photon with frequency ωd is scattered into the cavity res-
onance by absorbing a phonon of the mechanical mode,
as illustrated in the left panel of Fig. 1. The driving field
serves as a parametric source that up-converts a phonon
to a cavity photon. In the interaction picture, the system
operators at time t evolve as
aˆ(t) = cos(gt)aˆ(0)− i sin(gt)bˆm(0), (2a)
bˆm(t) = cos(gt)bˆm(0)− i sin(gt)aˆ(0), (2b)
written in terms of the operators at t = 0. This is exactly
the beam-splitter operation in quantum optics [88]. At
time t = π/2g, aˆ(t) = −ibˆ(0) and bˆ(t) = −iaˆ(0). The
operators are exchanged with each other up to the phase
factor −i. In the Schro¨dinger picture, this is equivalent
to swapping the states of the cavity and the mechanical
modes. This operation is at the heart of quantum state
conversion as well as cavity cooling of the mechanical
mode. It can also be used to detect the mechanical state
by converting the state to an output photon.
The beam-splitter-like interaction generates discrete-
state entanglement. Applying this operation for a dura-
tion of t = π/4g on the initial state |1c0m〉, the final state
becomes (|1c0m〉 − i|0c1m〉) /
√
2, where |ncnm〉 denotes a
Fock state with nc photons and nm phonons. The final
state is a maximally entangled state between the cavity
and the mechanical modes in the Fock-state basis.
When the cavity is driven on the first blue sideband
with ∆ = ωm, the dominant interaction is a parameter-
down-conversion operation with
HI = i~g(aˆ
†bˆ†m − bˆmaˆ). (3)
This interaction describes a Stokes process with an in-
coming photon scattered into the cavity resonance and
simultaneously emitting a phonon, as shown in the right
panel of Fig. 1. The operators evolve as
aˆ(t) = cosh(gt)aˆ(0) + sinh(gt)bˆ†m(0), (4a)
bˆ†m(t) = cosh(gt)bˆ
†
m(0) + sinh(gt)aˆ(0), (4b)
which corresponds to a Bogoliubov transformation be-
tween these two modes. This operation generates two-
mode squeezing and continuous-variable entanglement
[89]. Various quantum protocols such as quantum tele-
portation of an unknown state can be implemented with
this entanglement.
The linear and bilinear couplings discussed above have
the advantage of being easily tunable. By varying the
amplitude of the driving field, the average photon number
nph, and hence the coupling strength g, is adjustable in
a broad range.
The radiation-pressure interaction in Sec. II A contains
only the adiabatic term in the light-matter coupling [86].
In a multimode system, the non-adiabatic terms also play
an important role in controlling the system. One such
term is Hint = ~Gaˆ
†
1aˆ2(bˆm + bˆ
†
m) + h.c. [90], where the
interaction is between two cavity modes aˆ1, aˆ2, and a
mechanical mode bˆm. As shown in Ref. [56], by driving
one of the cavity modes into classical motion, a paramet-
ric coupling between the other cavity and the mechanical
modes is created. This parametric coupling has the form
of Eq. (1) or Eq. (3), depending on the driving.
Other forms of light-matter interaction can be ob-
tained by varying the circuit geometry of the system.
In a membrane-in-the-middle setup [39, 44], the coupling
is varied from a linear to a quadratic dependence on the
mechanical motion by adjusting the position of the mem-
brane inside the optical cavity with Hint = ~Gaˆ
†aˆbˆ†mbˆm.
Using such a coupling, a quantum nondemolition mea-
surement of the mechanical mode can be conducted by
detecting the optical field.
Recently, the single-photon strong (ultra-strong) cou-
pling limit with G ∼ ωm was studied in a number of
theoretical works [91–94]. In this limit, the intrinsic non-
linearity of the coupling induces novel quantum effects
such as photon blockade and non-Gaussian nature of the
quantum states.
C. Heisenberg-Langevin equation
The electromechanical and optomechanical systems
are subject to environmental fluctuations that induce
4damping and noise in the evolution of the system opera-
tors. The dissipation of the cavity mode includes intrin-
sic damping and leakage to the external channels. The
latter generates output field at the end mirror of an op-
tical cavity or transmission from a microwave resonator
to an open transmission line. For the mechanical mode,
the dissipation is associated with its finite quality factor
when it is not directly driven by an external field. Below
we incorporate the contribution of the fluctuations into
the equations of motion for the system operators.
We assume that the total damping rate of the cavity
is κ = κext + κin, including the transmission rate to the
external circuit κext and the intrinsic damping rate κin.
The total input operator is aˆin(t) =
√
κext/κaˆp,in(t) +√
κin/κaˆs,in(t) with an incoming photon operator aˆp,in
(the probe field) and an intrinsic noise operator aˆs,in(t).
The damping rate of the mechanical mode is γm with a
noise operator bˆin(t). We let the noise operators obey
the Markovian correlation functions: 〈aˆs,in(t)aˆ†s,in(t′)〉 =
(n
(c)
th +1)δ(t− t′) and 〈bˆin(t)bˆ†in(t′)〉 = (n(m)th +1)δ(t− t′),
with n
(c)
th (n
(m)
th ) being the thermal occupation number
of the cavity (mechanical) mode. For an optical cavity,
n
(c)
th ≈ 0. The Heisenberg-Langevin equations for the
system operators are [87]
˙ˆa = i∆aˆ− ig
(
bˆm + bˆ
†
m
)
− κ
2
aˆ+
√
κaˆin(t); (5a)
˙ˆ
bm = −iωmbˆm − ig
(
aˆ+ aˆ†
)− γm
2
bˆm +
√
γmbˆin(t).
(5b)
Following these equations, the system operators can be
written as integral functions of the input operators. The
cavity output operator in the external circuit aˆp,out(t)
is derived using the boundary condition of the cav-
ity [88]. Based on the convention of the operator phases
adopted in Ref. [62], we derive the input-output relation:
aˆp,out(t) = aˆp,in(t)−√κextaˆ(t).
We consider the system to be in the resolved-sideband
regime. In the strong coupling limit with g ≫ κ, the
dynamics of the system operators is dominated by the
effective coupling in Eqns. (1, 3), while the damping and
noise terms play a secondary role. For ∆ = −ωm, the
conversion between the intra-cavity state of aˆ and the
mechanical state can be realized. In contrast, in the
weak coupling limit with g ≪ κ, when κext ≫ κin, an
itinerant photon state injected into the cavity can be re-
versibly converted to a mechanical state. To illustrate
this process, we adiabatically eliminate the cavity mode
from Eqns. (5a, 5b) and apply the rotating-wave approx-
imation (RWA). The dynamics of the mechanical mode
is then governed by
˙ˆ
bm = i
√
Γaˆin(t)− Γ + γm
2
bˆm +
√
γmbˆin(t) (6)
with Γ = 4g2/κ. This equation describes the conversion
between the cavity input aˆin(t) and the mechanical mode.
Let the main component of the input operator aˆin(t) be
the incoming field aˆs,in(t). Itinerant photon states can
hence be transferred to (and from) the mechanical mode
via this interface. Without an incoming field, the vac-
uum state is continuously converted to the mechanical
mode, which exactly corresponds to the cavity cooling
process with the cooling rate Γ [14]. Note that the heat-
ing (counter-rotating) terms are omitted from Eq. (6)
under the RWA.
The Heisenberg-Langevin equations can be written in
the frequency domain when the effective coupling is time-
independent. The Fourier transformation of an arbi-
trary operator oˆ(t) is oˆ(t) =
∫
dω/
√
2πe−iωtoˆ(ω) with
the frequency component oˆ(ω). In the frequency domain,
Eqns. (5a,5b) become
− iεaaˆ(ω) + ig
(
bˆm(ω) + bˆ
†
m(−ω)
)
=
√
κaˆin(ω), (7a)
− iεbbˆ(ω) + ig
(
aˆ(ω) + aˆ†(−ω)) = √γmbˆin(ω), (7b)
with εa = ω + ∆ + i(κ/2) and εb = ω − ωm + i(γm/2).
Together with their conjugate equations (not shown), we
obtain a set of four equations for the frequency compo-
nents {aˆ(ω), bˆ(ω), aˆ†(−ω), bˆ†(−ω)}. The system opera-
tors and the output operators can be derived by solving
these linear equations in terms of the input operators.
D. Coherent effects
The linear coupling in Eq. (2a) is at the root of several
coherent effects observed in mechanical systems. The
mechanically-induced transparency was demonstrated in
microwave and optical cavities when the pump field is
red-detuned with ∆ = −ωm [95, 96]. In the weak cou-
pling limit with g ≪ κ, the system is described as cou-
pled harmonic oscillators subject to heavy damping. In
the experiments, a probe pulse near the cavity resonance
is injected to the cavity. The transmission spectrum of
the probe field contains a sharp peak at the cavity res-
onance ω = ωc due to the destructive interference be-
tween the probe field and the anti-Stokes field generated
by the pump pulse. The peak corresponds to a narrow
window of high transmission rate. This effect is similar
to the electromagnetically-induced transparency that is
well studied in atomic systems [97]. Increasing the pump
power to reach the strong coupling limit with g ≫ κ, the
transmission spectrum of the probe field splits into two
dips at the frequencies ∼ (ωc±g), respectively, due to the
normal-mode splitting [45–47]. These dips correspond to
the excitation of the normal modes in the linearized sys-
tem (aˆ± bˆ)/√2, which are polariton-like modes composed
of both the cavity and the mechanical modes. More com-
plicated setups were studied for related effects such as the
mechanically-induced amplification [98]. These effects in-
dicate the coherent nature of the coupling between the
cavity and the mechanical modes.
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FIG. 2: Microwave-to-optical interface. (a) A schematic cir-
cuit of a transducer made of a microwave resonator and an
optical cavity connected to a mechanical resonator. The elec-
tromechanical (optomechanical) coupling is represented by
the dependence of the capacitance of the microwave cavity
C(x) (the optical frequency ωc(x)) on the mechanical dis-
placement x, with L the inductance and Cg a gate capaci-
tance of the microwave cavity. (b) The input and and output
ports of the cavity and the mechanical modes. (c) and (d)
The spectrum of the cavity modes and the driving fields for
the state conversion with ∆1 = ∆2 = −ωm and the entangle-
ment generation with ∆1 = −∆2 = −ωm, respectively. The
cavity frequencies are ωci and the driving frequencies are ωdi
with i = 1, 2.
III. QUANTUM STATE CONVERSION
A. The transducer
An optoelectromechanical transducer can be formed by
merging an electromechanical system with an optome-
chanical system [14, 58]. The mechanical resonator in
the transducer acts as a bridge that reversibly converts
information between the microwave and the optical de-
vices. In this review, we focus on a widely studied setup
for the transducer: a microwave cavity and an optical
cavity both coupling to a mechanical resonator, as illus-
trated in Fig. 2 (a, b) [59–63]. A number of variations of
this setup were also studied for the state conversion. For
example, the mechanical resonator can couple directly to
an electrical driving field via piezoelectric actuation or to
a propagating optical field by surface reflection [68, 69].
Denote the cavity modes as aˆ1 and aˆ2. Each cavity
is driven by a red-detuned field with the detuning ∆i
(i = 1, 2). The spectrum of the cavity modes together
with the driving fields is shown in Fig. 2 (c) for the state
conversion protocols. The electromechanical and op-
tomechanical couplings are linearized into beam-splitter-
like interaction with HI =
∑
i=1,2 ~gi(t)(aˆ
†
i bˆm + bˆ
†
maˆi).
The coupling strengths gi(t) are tunable by varying the
driving fields. Taking damping and noise into account,
the Heisenberg-Langevin equations for the modes in the
transducer can be written as a vector equation [60, 61]
d~v(t)/dt = −iM(t)~v(t) +
√
K~vin(t) (8)
with ~v(t) = [aˆ1(t), bˆm(t), aˆ2(t)]
T for the system opera-
tors, ~vin(t) = [aˆ
(1)
in (t), bˆin(t), aˆ
(2)
in (t)]
T for the input oper-
ators, the matrix
M(t) =

 −δ1 − iκ12 g1(t) 0g1(t) −iγm2 g2(t)
0 g2(t) −δ2 − iκ22

 , (9)
and the diagonal matrix K = diag(κ1, γm, κ2). The
detuning δi is defined in the interaction picture with
δi = ∆i + ωm. The cavity damping rate includes both
the intrinsic damping rate κi,in and the leakage to the
external circuit κi,ext with κi = κi,in + κi,ext, and the
cavity input operators are defined similarly.
B. Conversion of intra-cavity states
Within a single node of a quantum network, a qubit
operated at the microwave frequency can directly inter-
act with a microwave cavity and swap its state with the
cavity mode. The conversion of the intra-cavity states be-
tween the microwave and the optical modes will hence fa-
cilitate the distribution of qubit states to a distant node.
In a simple approach, an initial state prepared in cavity
aˆ1 can be transferred to cavity aˆ2 in two steps with the
transducer operated in the strong coupling limit [53, 55].
First, turn on the effective coupling g1 (with g1 ≫ κ1)
for a duration of π/2g1. This operation swaps the ini-
tial cavity state to the mechanical mode. Then, turn
on the effective coupling g2 (with g2 ≫ κ2) for a dura-
tion of π/2g2 to swap the state in the mechanical mode
to the second cavity. Define the conversion fidelity as
F (ρi, ρf) = [Tr(
√
ρa1ρa2
√
ρa1)
1/2]2 between the density
matrices ρa1 of the initial state in aˆ1 and ρa2 of the
final state in aˆ2. The conversion fidelity of this sim-
ple approach could be seriously degraded by the ther-
mal noise in the mechanical mode. In particular, when
γmn
(m)
th > κi, the mechanical noise becomes the domi-
nant noise source. To improve the fidelity, a pre-cooling
pulse, which also swaps the states of aˆ1 and bˆm but with
the cavity prepared in the vacuum state, could be added
before the two-step state conversion scheme [55]. This
pulse swaps the vacuum state to the mechanical mode
and can be viewed as a transient cooling process. The
pre-cooling pulse hence removes the thermal noise and
increases the conversion fidelity, as shown in Fig. 3. This
approach, however, is limited by the re-heating of the
mechanical mode which occurs within a time interval of
1/γmn
(m)
th .
To suppress the effect of the mechanical noise, an adi-
abatic approach based on the concept of the mechan-
ical dark mode was proposed [60–62]. This approach
is similar to the adiabatic state transfer process in a
61 2 3
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FIG. 3: Pulse sequence and fidelity of intra-cavity state con-
version versus bath temperature [55]. Top: pulse sequence of
the double-swap scheme plus the pre-cooling pulse. Bottom:
conversion fidelity. The solid (dashed) lines: without (with)
the pre-cooling pulse. The lines from top to bottom are for the
Gaussian states |1, 0〉, |2, 0〉, and |2, 0.4〉, respectively, with
the states defined as |α, r0〉 = e
αa†−α∗ae(r
∗
0
a2−r0a
†2)/2|0〉.
The dot-dashed line is the effective temperature Teff de-
fined by the residue mechanical fluctuations after the cooling
pulse. The parameters are ωm = 1, g1 = 0.1, g2 = 0.07,
κ/ωm = 0.01, and γm/ωm = 10
−5, in arbitrary units.
Λ-system which converts atoms from one ground state
to another. Under two-photon resonance with ∆1 =
∆2 = −ωm, the effective Hamiltonian HI has an eigen-
mode: ψd = [−g2, 0, g1]T/g0 at the given couplings, with
g0 =
√
g21 + g
2
2 . This mode is a mechanical “dark” mode,
not containing any mechanical component. The other
eigenmodes of HI are “bright” modes which are super-
positions of the cavity and the mechanical modes. The
eigenvalue of the dark mode is zero, well separated from
the eigenvalues of the bright modes ±g0. In the strong
coupling limit, as the coupling strengths vary adiabati-
cally (following the Landau-Zener condition [99]), a quan-
tum state initially stored in the dark mode will be pre-
served in the dark mode, and the perturbation of the me-
chanical noise will be greatly reduced. At the initial time
of the state conversion, g1 = 0 and g2 is a finite negative
value with the dark mode ψd = aˆ1. Then g1 is adiabati-
cally increased to reach a finite value and g2 is adiabati-
cally switched to zero at the final time Tf when the dark
mode becomes ψd = aˆ2. Hence an initial state encoded
in aˆ1 is transferred to aˆ2 at time Tf . The mechanical
mode is only virtually excited due to the destructive in-
terference between the couplings. It was shown that the
contribution of the mechanical noise in the conversion
fidelity is reduced by a factor of (κ1 − κ2)/4g0]2 ≪ 1,
making the state conversion robust against mechanical
noise.
During the adiabatic approach, the coupling strengths
are varied slowly to meet the adiabatic condition. The
state conversion is accomplished in a time scale much
longer than 1/g0. This makes the approach more vulner-
able to cavity dissipation. In the double-swap approach,
the state conversion is realized in a shorter time scale of
1/gi, but is subject to severe perturbation of the mechan-
ical noise. In Ref. [62], a hybrid conversion scheme that
combines the ideas of these two approaches was studied.
It was shown that the method that achieves optimal con-
version fidelity depends on the ratio κi/gi and the tem-
perature T . For example, the adiabatic approach yields
optimal fidelity in the high temperature limit when the
mechanical noise is strong.
A Raman-like process with |∆i + ωm| ≫ gi and ∆1 =
∆2 is also studied for high-fidelity intra-cavity state con-
version [61, 64]. Here the couplings gi generate a Rabi
flip between the cavity modes with the Rabi frequency
g1g2/|∆i + ωm|. The large frequency offset |∆i + ωm|
prevents the mechanical mode from being excited, which
suppresses the effect of the mechanical noise.
C. Conversion of itinerant states
A propagating state can be converted via an optoelec-
tromechanical interface. Consider an incoming state rep-
resented by the input operator aˆ
(1)
p,in. The total input
operator of cavity aˆ1 is aˆ
(1)
in = aˆ
(1)
p,in + aˆ
(1)
s,in with aˆ
(1)
s,in
being the intrinsic noise of the cavity. With Eq. (8), the
system operators can be derived as [62]
~v(t) = U(t)e−i
∫
t
0
dt′Λ(t′)U−1(0)~v(0)
+
∫ t
0
dt′U(t)e−i
∫
t
t′
dt′′Λ(t′′)U−1(t′)
√
K~vin(t
′).(10)
Here Λ(t) = diag(λ1, λ2, λ3) and U(t) = [ψ1, ψ2, ψ3], with
λi being the eigenvalues and ψi the eigenmodes of the ma-
trix M(t). Assume no external input on cavity aˆ2. The
output photon of cavity aˆ2 is aˆ
(2)
p,out = aˆ
(2)
p,in−
√
κ2,extaˆ2(t),
where the input field aˆ
(2)
p,in is in the vacuum state. In
Fig. 4 (a), we plot the operator average of the output
pulse 〈aˆ(2)p,out(t)〉 at two sets of parameters, in compari-
son to that of the input field. The time-domain solution
gives us insight in understanding the relation between
the input and the output signals [61].
The frequency dependence of the state conversion can
be studied by transforming Eq. (8) to the frequency do-
main. For constant couplings with M(t) ≡ M0, the fre-
quency component of the total output vector is ~vout(ω) =
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FIG. 4: Itinerant state conversion. (a) The operator average
of the output field 〈aˆ
(2)
p,out(t)〉/A. The input field has Gaussian
time dependence with 〈aˆ
(1)
p,in(t)〉 = Ae
−σ2pt
2/2 and σp = 0.4.
(b) The conversion matrix element |T̂31(ω)|. In both (a) and
(b), the solid lines are for κ1 = 3.2 and κ2 = 1.8 which satisfy
the impedance matching condition; and the dashed lines are
for κ1 = 1.8 and κ2 = 3.2. Other parameters are g1 = 0.8,
g2 = 0.6, and γm = 0.001. The conversion halfwidth is
∆ω ∼ Γi ∼ 1. We assume no intrinsic dissipation and the
parameters are in arbitrary units.
T̂ (ω)~vin(ω), where ~vout(ω) = [aˆ
(1)
out(ω), bˆout(ω), aˆ
(2)
out(ω)]
T
[60–62, 70],
T̂ (ω) =
(
I − i
√
K (Iω −M0)−1
√
K
)
(11)
is the conversion matrix, and I is the identity ma-
trix. The conversion matrix is a unitary matrix with
T̂−1 = T̂ †. Note that the frequency ω is defined in the
interaction picture. For the input (output) photon, ω = 0
corresponds to the frequency of cavity mode aˆ1 (aˆ2). The
photon operator in the output of cavity aˆ2 is
aˆ
(2)
p,out(ω) = aˆ
(2)
p,in(ω) +
√
κ2,ext
κ2
[
T̂31(ω)aˆ
(1)
in (ω)
+T̂32(ω)bˆin(ω) +
(
T̂33(ω)− 1
)
aˆ
(2)
in (ω)
]
. (12)
The conversion of quantum state from cavity aˆ2 to cavity
aˆ1 can be derived similarly. The contribution of the quan-
tum signal to the outgoing field is
√
ν1ν2T̂31(ω)aˆ
(1)
p,in(ω)
with νi = κi,ext/κi, which is implicitly included in
aˆ
(1)
in (ω). The signal is reduced by a factor
√
ν1ν2 due
to the intrinsic cavity dissipation. The matrix ele-
ment T̂31(ω), which links the input port of cavity aˆ1 to
the output port of cavity aˆ2, determines the spectrum-
dependence of the state conversion. In Fig. 4 (b), |T̂31(ω)|
is plotted for two sets of parameters. At ω = 0,
T̂31(0) =
2
√
Γ1Γ2
Γ1 + Γ2 + γm
. (13)
Here Γi = 4g
2
i /κi corresponds to the state conversion rate
between an incoming photon and the mechanical mode
as well as the cavity cooling rate. Under the impedance
matching condition Γ1 = Γ2 between the input and the
output ports, T̂31(0) reaches a maximum with T̂31(0) ≈ 1
when Γi ≫ γm. Another important property of the con-
version matrix element is its halfwidth ∆ω, defined as
|T̂31(∆ω)| = |T̂31(0)|/2 [61]. In the strong coupling limit
with gi ≫ κi, we find that ∆ω ∼ κi which is bounded by
the cavity bandwidths. In the weak coupling limit with
gi ≪ κi, ∆ω ∼ (Γ1+Γ2+γm). Hence, for the parameter
regime that is of interest to high-fidelity state conversion
(Γi ≫ γm or cooperativity larger than 1), the halfwidth
is determined by the conversion rates Γi, as shown in
Fig. 4 (b). For the opposite regime of Γi ≪ γm, the
halfwidth is limited by the mechanical damping rate γm.
By designing optoeletromechanical systems with large co-
operativity, the conversion bandwidth can surpass that
of the mechanical resonance. An input state with a spec-
trum range within ±∆ω of the cavity resonance could be
converted with high efficiency.
All other terms in Eq. (12), including the vacuum
fluctuations of aˆ
(2)
p,in, are noise terms. The mechanical
noise makes the contribution
√
ν2T̂32bˆin(ω) to the out-
going photon. Under the impedance matching condi-
tion, T̂32(ω)/T̂31(ω) = i
√
γm/Γ1 at ω = 0, and does
not increase significantly for a signal frequency within
the conversion halfwidth ∆ω. The ratio of a quan-
tum signal at the single-photon level to the mechani-
cal noise is ν1
√
Γi/γmn
(m)
th . In Ref. [62, 65], the role
of the mechanical dark mode during the conversion of
itinerant states was studied. It was found that under the
impedance matching condition, the incoming field mainly
excites the dark mode with the effect of the mechani-
cal noise suppressed. The other noise contributions are
(−1)i+1
√
(1− νi)ν2aˆ(i)s,in (i = 1, 2) and (1 − ν2)aˆ(2)p,in, af-
ter omitting the T̂33(0) terms [70]. These results indicate
the importance of designing cavities with low intrinsic
damping rates.
Hence, to achieve high conversion efficiency for an itin-
erant quantum state at the single-photon level, the fol-
lowing conditions need to be satisfied. (1) The optome-
chanical interface is in the resolved-sideband regime with
ωm ≫ κi so that the sidebands induced by the coupling
are distinguishable from the cavity resonance and from
each other. (2) The transducer satisfies the impedance
matching condition which yields T̂31(0) ≈ 1. (3) The
8thermal noise of the mechanical mode is bounded by
n
(m)
th < Γi/γm so that the magnitude of the quantum
signal exceeds that of the noise terms in the output field.
(4) The intrinsic cavity damping rate κi,in is much weaker
than the total damping rate κi for both cavities. In cur-
rent experiments, the conditions (1) and (2) can be read-
ily fulfilled.
IV. OTHER APPLICATIONS:
ENTANGLEMENT AND QUANTUM
TELEPORTATION
The setup of an optoelectromechanical transducer can
be utilized for other quantum applications, such as the
generation of continuous-variable entanglement, squeez-
ing, and quantum teleportation. These applications, to-
gether with the state conversion, enable various essential
quantum information protocols to be performed by the
transducer. An optoelectromechanical interface is hence
a promising candidate for a tunable and noise-resilient
hub in a hybrid quantum network.
The generation of entanglement in electromechanical
and optomechanical systems has been studied intensively
over the past two decades, using methods such as sta-
tionary state scheme, transient approach, measurement
based scheme, and quantum reservoir engineering [14].
Here we focus on the ideas that are related to the quan-
tum circuit in Sec. III A [72–76]. Let cavity aˆ1 be driven
by a red-detuned field with the detuning ∆1 = −ωm and
cavity aˆ2 be driven by a blue-detuned field with the de-
tuning ∆2 = ωm, as illustrated in Fig. 2 (d). The effective
coupling is HI = (~g1a
†
1bm + i~g2a
†
2b
†
m + h.c.) [79–83].
The blue-detuned driving induces a parametric-down-
conversion operation between cavity aˆ2 and the mechani-
cal mode, which is a key ingredient in entanglement gen-
eration. This operation alone, however, induces instabil-
ity in the system and cannot produce very strong entan-
glement [72]. Adding the red-detuned driving on cavity
aˆ1 (the beam-splitter-like operation) serves to balance
the effect of the blue-detuned driving, and makes the
system stable under the condition g1 > g2. The red-
detuned driving also removes thermal fluctuations from
the mechanical mode. It was shown that strong entan-
glement robust against the thermal noise can be gener-
ated between intra-cavity photons at selected time win-
dows as well as between output photons near the fre-
quency ω = 0. This can be explained by the notion of
the Bogoliubov dark mode βˆ = cosh(r)aˆ2 + i sinh(r)aˆ
†
1
with r = tanh−1(g2/g1) and g0 =
√
g21 − g22. This mode
is an eigenmode of the interaction Hamiltonian HI with
eigenvalue zero and does not contain the mechanical com-
ponent. The noise-resiliency of the entanglement is a
combination of the excitation of this dark mode and the
quantum interference between the bright modes [81]. The
mechanical noise can be eliminated to leading order. This
scheme was analyzed in the picture of quantum reservoir
engineering [80, 82], where the dark mode corresponds to
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FIG. 5: Quantum teleportation scheme [85]. The entangled
photons aˆ1 and aˆ2 are sent to Alice and Bob, where local
operations are performed. The unknown microwave (optical)
state aˆin is teleported to an optical (microwave) photon aˆ2.
a two-photon squeezed vacuum state. This idea was also
extended to the generation of entanglement between two
mechanical modes coupling to one cavity mode [80, 82].
In another work, a Sørenson-Mølmer-like approach
originally developed for implementing quantum logic
gates on trapped ion qubits was studied to generate ro-
bust entanglement between two cavity modes [83]. The
detunings of the pump fields are adjusted at selected
times to achieve an effective two-mode squeezing oper-
ation on the cavity modes. It was shown that the entan-
glement can survive high bath temperature and can be
implemented in the weak-coupling limit.
Given the entangled photons, quantum teleportation
of unknown states can be realized in an hybrid optoelec-
tromechanical interface, as shown Fig. 5 [85]. The entan-
gled photons are delivered to distant nodes that have no
direct interaction. The unknown quantum state is ini-
tially stored in one of the nodes. Local beam-splitter op-
eration followed by Bell-state measurements is performed
on the unknown state and one of the photons in the en-
tangled pair. Afterwards, the measurement results are
transferred to the other node via classical communica-
tion channels. The classical information is used to shift
the state of the other photon in the entangled pair, which
then recovers the unknown state. With this setup, the
unknown state can be teleported from microwave to op-
tical wavelength, or vice versa [89].
V. EXPERIMENTAL PROGRESS
A. Resolved-sideband regime and coherent effects
The past few years have witnessed numerous experi-
mental advances in the electromechanical and optome-
chanical systems. Here we summarize the key experi-
ments that paved the way for realizing coherent conver-
sion of photons via an optoelectromechanical interface.
The resolved-sideband regime with ωm ≫ κ, a necessary
condition for implementing the quantum applications dis-
cussed in the previous sections, was demonstrated in both
9microwave and optical cavities [36–38]. For a super-
conducting microwave resonator with ωc/2π = 10GHz
and a moderate quality factor of Q = 104−5, this
regime can be easily accessed for a mechanical mode of
ωm/2π ∼ 10MHz [31]. In the optical domain, reach-
ing this regime demands cavity modes with very high
quality factor [46] and mechanical modes with relatively
high frequency [33, 57]. In the resolved-sideband regime,
ground state cooling of the mechanical mode via quan-
tum backation was realized [29–35]. The effective linear
coupling between the cavity and the mechanical modes
can be adjusted from the weak coupling limit (g ≪ κ) to
the strong coupling limit (g ≫ κ) by varying the driving
power. In the weak coupling limit, the mechanically-
induced transparency was observed in the transmission
spectrum of a probe field in a number of systems, in-
cluding an optomechanical system in toroidal microcav-
ity, an optomechanical crystal structure, a microwave
resonator coupling with a membrane, and a membrane-
in-the-middle setup [41–44, 68, 69]. In the strong cou-
pling limit, the normal-mode spitting was shown in the
transmission spectrum, which indicates the excitation
of polariton-like eigenmodes of the optomechanical sys-
tem [45–49, 69]. Driving the cavity mode with a detuned
field also results in the amplification of the cavity and
the mechanical signals, which was demonstrated in the
optical regime in Ref. [77]. Meanwhile, in a recent exper-
iment, a microwave resonator coupling to a mechanical
mode is driven by a blue-detuned source that generates a
parametric-down-conversion coupling between the cavity
and the mechanical modes [78]. Mechanical microwave
amplification of 25 decibels was achieved on a probe field
near the cavity resonance due to the stimulated emission
induced by the probe field.
B. Converting photon to mechanical memory
Quantum states stored in a mechanical mode could be
preserved for a duration of ∼ 1/γmnth. Recently, exper-
iments were performed to transfer itinerant photons to
a mechanical mode that serves as a quantum memory
for the photon states [50, 51]. These experiments mani-
fested the electromechanical or optomechanical system as
an interface to connect photons to the mechanical mode.
In an experiment performed on a deformed silica mi-
crosphere [50], optical information was converted to and
from a mechanical excitation. The mechanical mode is a
breathing mode of the microsphere with a frequency of
ωm/2π = 108MHz and the optical mode is a whisper-
ing gallery mode with κ/2π = 40MHz. The writing and
readout of the mechanical mode were performed by ap-
plying red-detuned pulses (as in the left panel of Fig. 1)
separated by a finite delay time. The effective coupling
strength is ∼ 2MHz, which is in the weak coupling limit.
During the writing pulse, an optical field at the cavity fre-
quency is injected to the resonator via free-space evanes-
cent excitation, which is converted to a mechanical state
with a coupling efficiency of 9%. The dynamics of this
process is described by Eq. (6) under the RWA. During
the readout process, the mechanical state is converted
back to a propagating optical signal. The power of the
retrieved pulse decays exponentially with the delay time
due to the damping of the mechanical mode. The storage
life time is ∼ 3.5µs.. This experiment provides a proof-
of-principle demonstration of the state transfer protocol
and the mechanical storage of the light field.
The coherent conversion of a microwave photon to a
mechanical state was implemented with a microwave res-
onator capacitively coupled to a membrane [51]. The
superconducting aluminium membrane forms the upper
plate of a capacitor in the microwave resonator. The
electromechanical interaction originates from the modi-
fication of the capacitance by the vibration of the mem-
brane, as illustrated in Fig 2 (a). The frequency of the
microwave resonator is ωc/2π = 7.5GHz with the band-
width κ/2π ∼ 320 kHz and the frequency of the drum-
head mode of the membrane is ωm/2π = 10.5MHz. The
transfer and the signal pulses are coupled inductively to
the microwave resonator by a coplanar-waveguide trans-
mission line. The itinerant microwave signal has the
pulse shape Vin(t) ∝ exp (Γprept/2)Θ(−t) with Θ(t) be-
ing the unit step function. During a delay time τdel,
the converted state is stored in the mechanical mode.
A second transfer pulse is then applied to retrieve the
mechanical state to an outgoing pulse. The experiment
demonstrated that optimal transfer of the incoming field
to the mechanical state is achieved at Γprep ≈ Γ in the
limit of weak coupling. The phase and amplitude of the
incoming field are preserved in the mechanical state. The
variances of the mechanical state are charactered in the
quadrature phase space by considering the quantum ef-
ficiency of the measurement and of the state transfer
process (less than unity due to the intrinsic resonator
damping). The time-dependence of the heating of the
mechanical mode is inferred from the measurement. By
applying a strong transfer pulse, the mechanical state
can be swapped to an intra-cavity state of the resonator
with an oscillatory dependence on the pulse length. This
work opens the possibility of state transfer in the quan-
tum limit. Meanwhile, in a related work, this device was
utilized to generate entanglement between propagating
microwave photon and the mechanical state by applying
a blue-detuned driving on the resonator [74].
C. Converting microwave to optical photons
Several experimental setups for an optoelectromechan-
ical transducer have been studied for converting mi-
crowave to optical photons. In these experiments, a mi-
crowave field is injected to the transducer either by prop-
agating through a microwave cavity or by directly excit-
ing the mechanical mode. A schematic circuit of a trans-
ducer made of a piezoelectric optomechanical crystal is
shown in Fig. 6 [68]. In this setup, a mechanical breath-
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FIG. 6: An optoelectromechanical transducer made of a piezo-
electric optomechanical crystal. The external electrodes con-
nect the transducer to the electrical driving. Adapted by per-
mission from Macmillan Publishers Ltd: Ref.[68], c© 2013.
ing mode with a microwave frequency of ωm/2π = 4GHz
and an optical cavity with a frequency of 196THz and a
bandwidth of κ/2π = 2.5GHz are co-designed in a pho-
tonic bandgap structure, coupling to each other via op-
tomechanical interaction. The device is operated at room
temperature. The microwave field couples capacitively
to the mechanical resonator and generates a mechanical
excitation with average phonon number Nexc ≈ 106 via
piezoelectric actuation. For an optical field injected to
the transducer from the external circuit, the parametric
optomechanical coupling induces optical sidebands. Ho-
modyne detection of the sidebands reveals the frequency-
modulation nature of the coupling. The detected signal
maintains the phase and amplitude information of the
microwave field, indicating the coherent transfer of the
microwave field to an optical signal. The experiment was
also conducted for reduced driving magnitude with small
excitation numbers Nexc = 100, 7, 1 at a thermal back-
ground of n
(m)
th ≈ 1500. A narrow transparency window
of the optical probe appears in the presence of the me-
chanical excitation when the probe detuning ∆p equals
the frequency of the mechanical excitation Ωexc. This ef-
fect is an interference effect, similar to the mechanically-
induced transparency discussed in Sec. II D. With the
mechanical frequency in the microwave range, this de-
vice facilitates the direct coupling of microwave photons
to the optomechanical interface [57]. By making the sys-
tem compatible with cryogenic environment, it would be
possible to connect the mechanical resonator to supercon-
ducting qubits and resonators to form a hybrid quantum
network.
Coherent bi-directional state conversion between mi-
crowave and optical photons was recently demonstrated
in a hybrid system made of a microwave resonator and
an optical cavity coupling to a membrane [70]. This
transducer has the same configuration as discussed in
FIG. 7: An optoelectromechanical transducer formed by a
microwave resonator and an optical cavity both coupling to a
membrane. Adapted by permission from Macmillan Publish-
ers Ltd: Ref. [70], c© 2014.
Sec. III C and is operated at a temperature of 4K. One
part of the membrane couples capacitively to a microwave
resonator with a frequency of 7GHz, and another part of
the membrane couples to a Fabry Pe´rot cavity with a fre-
quency of 282THz, as shown in Fig. 7. Each cavity mode
is driven by a strong red-detuned pump field which gen-
erates tunable coupling between the cavity and the me-
chanical modes. The conversion gain is A = AeAo with
Ai = 1 + (κi/ωm)
2 for the cavities. Quantum state con-
version requires unit gain Ai = 1 with the system in the
resolved-sideband regime. For a conversion performed on
a mechanical mode of the frequency ωm/2π = 560 kHz,
Ai ≈
√
1.4 at the cavity bandwidths of this device. An
electric (optical) signal can be coupled to the microwave
(optical) port, and converted to the optical (microwave)
port. The frequency dependence of the state conversion
as well as the correlation of the conversions along both
directions were characterized. The experiment shows a
conversion efficiency of ∼ 10%, far surpassing previous
results in the microwave-to-optical domain [13]. This
efficiency is limited by intrinsic cavity dissipation and
optical mode mismatching. It was predicted that when
operated at a low temperature of 40mK, quantum state
conversion in the single-photon level could be achieved in
this transducer.
In another experiment [69], the transmission of a radio-
frequency signal to an optical field was realized in a room-
temperature optoelectromechanical transducer. Here a
nanomembrane is part of a capacitor in a radio-frequency
resonance circuit. The frequency of the resonance circuit
is adjusted to be near the frequency of the fundamen-
tal drum mode of the membrane with ωm = 0.72MHz.
The bandwidth of the resonance circuit is 5.5 kHz, deeply
in the resolved-sideband regime. The electromechanical
coupling between the electrical mode and the mechani-
cal mode is proportional to and tunable by a static bias
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voltage. The coupling is in the strong coupling limit with
high cooperativity at a bias voltage of 10 volts. A radio-
frequency signal inductively coupled to the resonance cir-
cuit excites a voltage modulation in the circuit and a dis-
placement modulation of the membrane. Optical light
that is reflected off the surface of the membrane carri-
ers optical sidebands induced by the mechanical motion,
which is a phase-insensitive transduction of the electrical
signal to the optical field. Measurement of the optical
light can hence be used as a readout of the mechanical
motion. Mechanically-induced transparency and normal-
mode splitting are observed in both the electrical output
port and the reflected optical signal.
State conversion in the optical-to-optical domain was
performed on optomechanical interfaces between photons
of distinct frequencies. As we mentioned in Sec. III C,
when the impedance matching condition is fulfilled, the
probe pulse is converted mostly via the mechanical dark
mode, and the effect of the mechanical noise is sup-
pressed. In Ref. [65], the dark mode was studied with op-
tical whispering gallery modes and a mechanical breath-
ing mode in a deformed silica sphere. The dark mode is
excited when injecting an optical probe pulse at the res-
onance of one cavity mode. By adjusting the strengths
of the optomechanical couplings g1,2, the cavity compo-
nents in the dark mode are varied and the photon emis-
sion from the cavities is affected accordingly. This ex-
periment verifies the role of the mechanical dark mode
in the transmission. In another experiment, wavelength
conversion between telecommunications frequencies was
demonstrated with a transducer made of silicon optome-
chanical crystal nanobeam [12]. The mechanical mode in
this experiment has a frequency of 4GHz. An optical sig-
nal can be converted between the wavelengths of 1146 nm
and 1545 nm with a high internal efficiency of 93%. These
experiments verified the possibility of achieving high con-
version efficiency via mechanical resonators.
VI. CHALLENGES AND PERSPECTIVES
In Sec. III C, we discussed the requirements for achiev-
ing high efficiency state conversion via an optoelec-
tromechanical transducer. Given the recent experimen-
tal progress, both microwave and optical systems can
reach the resolved-sideband regime either by improving
the cavity quality factor or increasing the mechanical fre-
quency [57]. The impedance matching condition can be
satisfied by tuning the effective electromechanical and
optomechanical couplings. Note that in the sideband-
unresolved regime with κ > ωm, the conversion gain can
be larger than unity which increases the conversion effi-
ciency. But the transducer becomes a phase-insensitive
amplifier, adding extra noise to the output state and de-
stroying the quantum coherence [70]. The major obsta-
cles that prevent the realization of quantum state conver-
sion include the perturbation of the mechanical noise and
the intrinsic dissipation of the cavity modes. To distin-
guish a single-photon level signal in the cavity output, it
requires 4g2i /κiγm > n
(m)
th , which puts an upper bound on
the thermal occupation number of the mechanical mode.
This condition can be satisfied by introducing cryogenic
setups to lower the operating temperature of the trans-
ducer or by designing samples with high cooperativity.
The intrinsic cavity dissipation not only presents another
source of noise in the output state, but also reduces the
magnitude of the signal. To obtain high conversion effi-
ciency, it requires that κi,in ≪ κi,ext with negligible in-
ternal loss in the cavities. This puts a restriction on the
driving power that can be applied to the cavities, which
could generate excess heating, and on the designs of the
circuit. Besides the noise sources presented in the trans-
ducer, it is also challenging to overcome the technical
difficulties in connecting the microwave and the optical
devices with a mechanical resonator, while keeping the
devices functioning in the quantum limit.
In summary, recent experiments have demonstrated
that an optoelectromechanical transducer can bridge the
microwave and the optical worlds and enable coherent
state conversion between microwave and optical pho-
tons. These experimental advances manifest that high
efficiency quantum state conversion at the single-photon
level could be achieved in near future. Given the di-
versity of the electromechanical and optomechanical sys-
tems, various experimental setups can be studied to con-
struct such a hybrid quantum interface. Besides the pho-
ton conversion protocols, the transducer circuit can also
be used for the conversion between qubit and photon
states or between intra-cavity and propagating photons.
An optoelectromechanical interface can hence serve as
a tunable and noise-resilient hub in a hybrid quantum
network to perform various quantum information proto-
cols such as quantum wavelength conversion and quan-
tum teleportation.
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